Abstract: Different ues of expert systems in proces control are discussed. The paper concentrates on expert sysems for closed single loop controL Motivation for this is given and a prototype experiment is described. The experiment is evaluated and an expert control architecture is proposed. The system can be compared with a real-time operating system. An implementation based on YAPS and object-oriented programming is described.
necessary process knowledge required for good control.
The paper is organized as folows. General expert system applications in process control are discussed in Section 2. Sectlon 3 focuses on the single control loop. A prototype experiment is described. In Section 4 an expert control architecture is proposed and its implementation is discussed in Section 5.
EXPERT SYSTEMS IN PROCESS CONTROL
Expert rsytems is an area of Artificial Intelligence (AI) that has expanded rapidly during the last years, (Hayes-Roth et at., 1983; Waterman 1986 ). Expert systems are used to solve problem that normally require human expertise and where traditional computer solutions are infeasible.
The successful applications have all been in areas where high-quality knowledge dominates over common sense. This is true for many aspects of process control. The idea of adding heuristics to process control is not new. In Crossman and Cooke (1962) , a heuristic decision program that used experience to enhance its performance was proposed for manual control of systems with slow dynamics.
Examples of possible off-line applkations in process control are process design and control design. Process design has no clean analytical solution. Expert system assistance has a high potential value since proce design strongly affects the achievable control quality. In control design expert systems can guide the selection of appropriate control structures, (Umeda and Niida, 1986) , at the global level. Expert systems have also been integrated with computer aided control design packages, (James et at, 1985 , Birdwell et al., 1985 , Larsson and Astram, 1985 . It has also been suggested to use expert sytems to assist in the parameter settings of adaptive controllers, (Sanoff and WeIlstead, 1985) . With few exceptions, existing expert systems are based on propositional logic or first-order predicate calculus. Sometimes they also allow multi-valued logic, e.g. expressions with the values true, false or unknown. This is however not enough for a real time expert system. Such a system may have to draw conclusions based on incomplete facts. Facts may also change after conclusions have been drawn from them This means that the system has to backtrack and reconsider these conclusions. Several non-standard logics exist e.g. non-monotonic logic, (McDermott and Doyle, 1980) and temporal logic, (McDermott, 1982 , Allen, 1984 , that partially solve these problems but they have not yet been applied successfully.
In spite of these problems real-time expert systems exist. These systems tend to circumvent the fundamental problem in different ways. The method used in PICON, (Moore et al., 1984 (Moore et al., , 1985 , is to attach a duration time to all database elements and to test the rules periodically. When the durtion of an element ends all concluded elements are withdrawn. It is also possible to assume that database elements are valid only im a certain context. The usual way, however, is to use the engineering, ad hoc method and take care of these issues explicitly in the rues.
Monitoring and diao are the most common real time application. Plant-opecific knowledge e.g. cause-ffect relations, is used to locate a faul which caused a process upset or an alarm and to give advice on corrective action.
Work is being done e.g. on nuclar power plants, (Nelson, 1982) , and chemial plants, (Palowitch andc Kramer, 1985) . A monitoring expert system could als give advice on control optimization.
In these applications the expert system is used as a tool for the operator. The expert system loop can also operate in closed loop, i.e. affect the controlled plant directly. On a global level the expert system could e.g. be used for setpoint control to optimiz the system. Process start-up and production changes. is another posible area. In the aircraft industry expert systems are suggested that reconfigure the flight control system in case of damage, see e.g. Trankle and Markosian (1985) . The (sermann, 1982 , Lktrm, 1983 This environment has been used in a prototype system where the expert system was implemented with the conventional expert system shell OPS4 (Forgy, 1979) . The prototype system is described in more detail in Arz6n (1986b (Cohen and Feigenbaum, 1982, Wilkins, 1983) . The goal for the separation between the operators and the planning module is to separate the domain knowledge about different tasks from the control information.
The expert control architecture described can in many respects be compared with an ordinary real-time operating system, (e.g. Brinch Hanen, 1973) . The operators are the equivalents of concurrent proces and the plan executor is the equivalent of a scheduler. This is especially trme in the parallel phases of a plan. In an operating system the processes can walt for a certain time or for a certain event. Similar features can be provided in this architecture by assigning a state with the values runninag, ready or waiting to each operator. When an operator calls the function "waittime" in a rule it will be mked waiting by the plan executor. The operator is activated when the time is over.
An operator can also wait for a specified element to be inserted in the database, e.g. a certain m e fom the algorithm part.
The operators could be implemented in two ways. The first is to implement them as concurrent Lisp process that share a global database. This would probably require a Lisp machine. The second way is to implement the system in a single Lisp process. This has the drawback that the operators can not be interrupted.
IMPLEMENTATION
The implementation of a system along the lines of Section 4 will now be described. The system is based on the environment described in Section 3 with a new expert system part. This part is built around the forward chaining production system shell YAPS, (Allen, 1983 ) and the object-oriented Flavors system (Cannon, 1982) . Object-oriented programming provides a convenient way to implement highiy modular systems, see e.g. Stefik and Bobrow (1986) . Objects consist of a local state and a behavior. Objects are asked to perform operations by sending appropriate mesages to them. The objects have associated methods that handles the messages. Genenrc algorithms can be implemented using object-oriented programming. A protocol i.e. a set of messages is defined, which specifies the extemal behavior of the object. This protocol does not define the intemal implementation. The waittime requests are handled by a separate timer process. When a waittime is requested a message is sent to an associated mailbox. The requests are queued by the process and a message is returned to the expert system when the requested time is over. The structure of the implementation is shown in Fig. 4 . The next step in the implementation will be to add other operators than YAPS. Work on this is currently under progress and will be described in further papers.
CONCLUSIONS
The expert sytem approach simplifies the implementation of controllers based on process knowledge. The knowledge required can be acquired from the proces operator or from the process. Extracting knowledge from the process requires experiments. This means that different algorith are applied to the plant. An expert system is well suited for implementation of the logic needed in this procss.
A prototype environment has been built up. Experiment with conventional expert system shells have shown that they are not well suited for expert control. An architecture that is better suited is described. This architecture is under implementation using YAPS and object-oriented programming.
